In this work we present the results of high level ab initio calculations on weakly bound complexes of aluminium trichloride and hydrogen halides, HX, halogens, X 2 , and diatomic interhalogens, XY (where X, Y = F, Cl, Br). Based upon these calculations we have predicted that all structures in the staggered conformation (except for Cl 3 AlFH and Cl 3 AlClH) are stable minima while those in the eclipsed configurations are transition state structures. In the XH complexes the strength of interaction with the Cl 3 Al group is FH > ClH > BrH. In the case of X 2 species it is Br 2 > F 2 > Cl 2 , and finally in the XY (YX) group it is: FBr > ClBr > FCl > BrCl > BrF > ClF.
Introduction
For a while now, it has been known that Lewis acids act as catalysts in many types of organic reactions. The types of reactions in which the trivalent aluminum species plays a catalytic role in the mechanisms are varied and diverse. The Friedel-Crafts alkylation and acylation of aromatic rings, removal of tert-butyl groups from phenols, and the well-known Ziegler-Natta polymerization reactions are selected examples where the aluminum trichloride complex can serve as a catalyst. Several of these important compounds have been experimentally and theoretically studied [1] [2] [3] [4] [5] [6] . The complexing behavior of aluminium trihalide (AlX 3 ) has been at the forefront of experimental and theoretical investigations .
It is an established finding that the binding interactions between a Lewis base (an electron pair donor) and a Lewis acid (an electron pair acceptor) serve an important role in many chemical processes. The reaction pathway proceeds via the formation of donoracceptor complexes. Previous studies have concentrated on developing an understanding of the roles of conformational structure, complexation energy and charge transfer. Recently, Timoshkin and co-workers [25] have reported investigations of the role of the terminal atoms in donor-acceptor complex formation for the group 13 metals. This group has shown that the dissociation energies of the AlX 3 -donor complexes decrease in the following order: F > Cl > Br > I. They have also stated that there is no correlation between the dissociation energy and the degree of charge transfer.
Our group has analyzed the fragment molecular orbitals used in the coordination process of a series of alane donor acceptor complexes [26] [27] [28] [29] [30] . This allowed us to understand the factors that govern the donor-acceptor interactions and those that lead to an irregular evolution of the complexation energy when we only modify the central atom of the donor fragment.
In continuation of our recent work, we will now explore the structures and interaction energies of the weakly bound donor-acceptor complexes formed between aluminum trichloride and the hydrogen halides, HX, halogens, X 2 , and diatomic interhalogens, XY (where X, Y = F, Cl, Br) using ab initio molecular orbital theory. Despite many theoretical studies, at present there is an absence of comparative ab initio calculations on these complexes. We present an analysis of the electronic structure of these complexes and their relative stabilities.
Computational Details
All ab initio calculations were performed at the MP2/6-311++G(2d,2p) level of theory using the GAUSSIAN03 suite of programs [33] . The zero-point vibrational energies (ZPE) have been obtained from scaled MP2/6-311++G(2d,2p) frequencies (scaled by the factor 0.96) [32, 33] . We believe that the interaction energies may be slightly affected by the basis set superposition error (BSSE). In this first exploratory investigation we have taken the BSSE interaction into account. It is important to recognize that MP2 and higher order ab initio techniques yield similar BSSE errors. The primary major BSSE differences are observed when larger basis sets are used which increases the dispersion and polarization interactions. (With the basis sets used here, the polarizabilities of the interacting molecules are underestimated). With smaller basis sets the BSSE effect is too large to allow adequate characterization of the proposed potential energy surface. The physical reality becomes distorted due to computational errors. Additionally, polarizabilities are underestimated due to the inability of the program to correctly calculate the molecular properties of each monomer in the dimer. This is one of the reasons for the choice of the current basis set in the optimizations. The charge transfer properties were performed with the natural bond orbital (NBO) partitioning analysis [34] using the MP2/6-311++G(2d,2p) density.
To explicitly establish the relevant stable species, the intrinsic reaction coordinate (IRC) was also calculated for all the transition states appearing on the energy surface profile [35, 36] . For improved energies, single point calculations were obtained based on the MP2/6-311++G(2d,2p) optimized geometries at the CCSD(T)/6-311++G(2d,2p) level of theory. Final energies were calculated at the MP2/6-311++G(2d,2p) + ZPE level and the CCSD(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) + ZPE level of theory.
In our previous investigations we have done G2 calculations, which implement MP2/6-31G* geometries. In this work, however, we have done the optimizations with a larger basis set [37] . It has been demonstrated in our experience that basis sets and methods beyond this provide similar geometries and energy values. In addition, the G2 methods attempt to approximate QCISD(T) energies, while the CCSD(T) method provides substantially improved energies [38] . Optimizations at these levels of theory are extremely difficult to carry out with currently available computational resources. Table 1 MP2 and CCSD(T) total energies ET (a.u.) and relative energies ΔE (kcal/mol) (between the two conformations) of the Cl 3 AlXH electron complexes (X = F, Cl, and Br). 
Results and Discussion
Association of Cl 3 Al (D 3 h symmetry, acting as an electron acceptor) with XH (C v symmetry, acting as an electron donor) leads to X 3 AlXH (C s symmetry) with an interaction between one of the halogen atoms of XH and the aluminum atom. In this work we have investigated the two possible structures (staggered and eclipsed conformations) for all complexes at the MP2/6-311++G(2d,2p) level of theory. We believe that these methods are accurate enough to characterize this potential energy surface [37] . Additionally, test calculations have demonstrated that the method employed is adequate to localize the lowest energy vibrational states for these systems. The structures of the eclipsed and staggered conformations of the Cl 3 AlXH complexes are shown in Figure 1 . The minimized energies and the difference energy between the eclipsed and staggered conformers of the donor-acceptor complexes of Cl 3 AlXH are presented in Table 1 . Based on analysis of the calculated frequencies on the optimized geometries, the eclipsed optimized conformations were characterized as minima and the staggered structures were characterized as transition structures (except for Cl 3 AlBrH which appears to be a transition state structure). At a higher level of theory Cl 3 AlFH and Cl 3 AlClH do not have imaginary frequencies, and are thus stable states. This is a point that must be clarified since it is important to distinguish transition states versus transition structures. These states are simple transitions between two isomeric configurations. Based on IRC calculations, the imaginary frequency corresponds to the torsion mode around the Al-X bond which converts the staggered conformation into the eclipsed conformation. Cl 3 AlBrH in the staggered conformation is clearly stabilized by a second electrostatic interaction between the H δ+ atom of the hydrogen halide and the Cl δ− atom of Cl 3 Al that remains in the symmetry plane. The intermolecular geometrical parameters of the complexes are hardly perturbed as a result of this interaction. The computed geometrical parameters are displayed in Table 2 , along with the rotational constants, dipole moments and static polarizability. The experimental values of these properties are not yet reported in the literature and therefore a comparison is not feasible.
The computed dipole moments and static polarizabilities of the isolated ligands have been depicted in Table 7 . Our calculations on the rotational constants suggest that the Cl 3 AlClH and Cl3AlBrH complexes are virtually accidental symmetric tops (B ≈ C). In addition, the computed properties listed in Table 2 demonstrate the expected monotonic variations with changing X. In particular, the coordination around the F atom of HF indicates an ∠Al-Cl-H bond angle close to the tetrahedral 109
• , while for the HCl and HBr species the corresponding angles are close to 90
• . This can probably be accounted for by the large size of the Br atom which causes it to have an interaction with the Al atom. The NBO analysis accordingly indicates a greater charge transfer in HBr. This trend reflects the different nature of the non-bonding donor electron pairs. While the quadrupole moments could also be compared, we believe that the current changes in polarizability provide a sound basis for the comparison of physical properties. Table 3 displays the total energies and the relative energy changes for different Cl 3 AlX 2 (X = F, Cl, and Br) complexes. The primary interaction is between one of the X atoms of the halogen molecule and the aluminum atom. In these cases, the staggered conformation is a minimum and the eclipsed one is a saddle point along the potential energy surface. From the IRC calculations, we have deduced that the imaginary frequency is the torsion mode around the Al-X bond which converts the eclipsed to the staggered conformer as in the previous cases. The only exception is for Cl 3 AlFH and Cl 3 AlClH cases which are transition structures since they correspond to an isomerization between configurations but do not have imaginary frequencies and should exist experimentally. The preference for the staggered conformation is due to the minimization of the steric repulsion between the outer X atom of X 2 and the Cl atoms (in Cl 3 Al) in the staggered configuration (in comparison to the eclipsed case).
The structures of the eclipsed and staggered conformations of the Cl 3 AlX 2 complexes are shown in Figure 1 , while the intermolecular structural parameters, rotational constants, dipole moments and static polarizability of the stable species are presented in Table 4 . There is no experimental data available for comparison, but the rotational constants reported may be of intrinsic value in interpreting future experimental rotational spectra. As for the Cl 3 AlXH series reported in Table 2 , these properties vary monotonically with the species X, but in this case the dipole moments rise with larger masses of the halogen molecules. The Cl 3 AlX 2 complexes do not approximate symmetric tops, which is in contrast to the Cl 3 AlXH series. The association of Cl 3 Al (D 3h symmetry), which act as electron acceptors, with XY (C αv symmetry), which act as electron donors, leads to X 3 AlXY (C s symmetry) with an interaction between one of the halogen atoms of XY and the aluminum atom. In all of the computed situations, the optimized complexes were obtained in both the eclipsed and staggered conformations. The staggered conformations were found to be minima on the potential energy surfaces and the eclipsed structures were found to be saddle points. Table 5 depicts the energies of and the relative energy changes between the two conformations of the twelve Cl 3 AlXY(YX) complexes. The relevant optimized bond lengths and bond angles for all the stable conformations, rotational constants, dipole moments and static polarizability are reported in Table 6 . These results show that for each pair of complexes containing the same XY molecule, the association of Cl 3 Al with XY or YX leads to a structure which is bonded through the more electronegative atom, X or Y. This observation is consistent for both the eclipsed and the staggered series. Indeed, the orders of minimized energies are Cl 3 AlFCl < Cl 3 AlClF, Cl 3 AlFBr < Cl 3 AlBrF, Cl 3 AlClBr < Cl 3 AlBrCl. This is also consistent with the calculated mean (ᾱ = (α xx + α yy + α zz ) 3) of the polarizability. One can see that the calculatedᾱ are 73.51, 76.33, 79.59, 84.53, 92.97, and 93.44 a.u. for Cl 3 AlFCl, Cl 3 AlClF, Cl 3 AlFBr, Cl 3 AlBrF, Cl 3 AlClBr, and Cl 3 AlBrCl, respectively. However, examination of the computed NBO charges for the monomers revealed that the polarity of ClF, BrF and BrCl are found to reveal the following characteristics F δ− -Cl δ+ , F δ− -Br δ+ , and Cl δ− -Br δ+ , respectively. This is in agreement with chemical intuition, as is the NBO charge separation of the ClBr molecule (0.11e), significantly smaller than those of ClF (0.34e) and BrF (0.42e). Table 5 MP2 and CCSD(T) total energies E T (a.u.) and relative energies Δ E (kcal/mol) (between the two conformations) of the Cl 3 AlXY(YX) electron donor-acceptor complexes (X = Y = F, Cl, and Br). Table 8 displays the computed interaction energies of the Y 3 AlXH, H 3 AlX 2 , and H 3 AlXY(YX) (X = Y = F, Cl, and Br) donor-acceptor complexes, which were found to be true minima. We also tabulate the charge transfer, which is the respective NBO charge transfer values from XH, X 2 , and XY moieties to the Cl 3 Al Lewis acids (Q t ). The interaction energies are calculated as the difference between the energies of the complexes and the respective moieties under investigation.
The complexes of Cl 3 Al with the halogen bases HX, X 2 and XY (X, Y = F, Cl, and BrF) are all weakly bound. The hydrogen halide complexes form a separate series of molecules due to the presence of a partially positively-charged hydrogen atom which lends itself to a secondary interaction with one of the chlorine atoms in Cl 3 Al. This secondary interaction leads to a preference for the eclipsed conformers over the staggered structures. In both the halogen and the interhalogen series, the absence of significant charge redistribution on complexation results in steric, rather than electrostatic effects determining the identity of the preferred conformer. For binding through a given halogen atom, interaction with Cl 3 Al is stronger in the case of the polar interhalogens than in that of the non-polar halogens. The results reported in Table 7 show that the complexes with the interhalogens exhibit stronger binding with the F-bound species. In addition, FBr forms stronger complexes than FCl due to the greater polarity of BrF than that of ClF. These results also listed in Table 7 show that XH, X 2 , and XY complexes have a lower degree of charge transfer from the donor to the acceptor moieties. Alternatively, these results demonstrate that the F-bounded complexes have a higher charge transfer, from donor moieties to Cl 3 Al acceptor moiety, whereas the corresponding complexes are more stable. Hence, one can see (from the NBO results) that there is no correlation between charge transfer and the complexation energy [37] .
Conclusions
Ab initio MP2/6-311++G(2d,2p) and CCSD(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) calculations have been carried out in order to investigate the interaction in Cl 3 Al-XH, X 2 , and XY (X, Y = F, Cl, Br) donor-acceptor complexes. In the XH complexes the order of interaction between the Cl 3 Al group is FH > ClH > BrH, in X 2 it is Br 2 > F 2 > Cl 2 , and finally in the XY (YX) it is: FBr > ClBr > FCl > BrCl > BrF > ClF. We have shown that when the F complexes have a higher degree of charge transfer to the parent Cl 3 Al group, the complexes formed are generally more stable. It was also demonstrated that there is no correlation between the charge transfer and complexation energy of the complex. Finally, we have shown that the complexation process leads to significant changes in computed values of geometric and other structural parameters. 
